We report on etch-induced damage in n-type GaN caused by an inductively coupled plasma, and damage recovery by means of treatment with an N 2 plasma. As the plasma dc bias was increased by increasing the rf table power during etching, the optical and electrical properties of the etched GaN films deteriorated as the result of etch-induced damage. However, an N 2 plasma treatment for the etched samples effectively removed the etch-induced defects and damage on the surface, leading to improved surface morphology, photoluminescence, and ohmic contact in n-type GaN.
I. INTRODUCTION
III nitrides are becoming increasingly important for optoelectronic and high-temperature/power devices because of their unique properties, such as wide band gaps and high thermal conductivity. Because of the chemical stability of these materials, dry etching provides a reliable pattern transfer, compared to wet etching. During the last decade, numerous dry etching methods using a variety of plasma conditions have been reported, [1] [2] [3] [4] [5] [6] and a Cl 2 -based plasma has proven to be very useful for the fabrication of light emitting and laser diodes. 5 It has been shown that GaN, InGaN, and their multiple quantum well are anisotropically etched by inductively coupled Cl 2 /CH 4 /H 2 /Ar plasmas at the same etch rates leaving a smooth etched surface and sidewall. 6 However, energetic ion bombardment-induced damage, which accompanies the dry etch process can lead to deterioration in the optical and electrical properties of the semiconductors. [7] [8] [9] [10] [11] [12] Although the damage caused to the near-surface region of GaAs layers as a result of the ion bombardment during various dry etching methods have been extensively studied, 7 only a few reports have focused on the electrical and optical characteristics of dry-etched GaN. Since most GaN epitaxy is grown on a sapphire substrate that is electrically insulating, mesa etching is indispensable in the fabrication of many GaN-based devices, in order to form an ohmic contact on n-type GaN. This situation led us to examine etch damages, especially those associated with n-type GaN. Meanwhile, attempts to recover the etch-induced surface damage by means of rapid thermal annealing treatment have been reported. [7] [8] [9] However, these attempts are hampered by the fact that annealing at high temperatures can lead to loss of nitrogen from the semiconductor surface, leading to a nonstoichiometric surface.
In this study, we report the effects of plasma etching on n-type GaN by an inductively coupled Cl 2 /CH 4 /H 2 /Ar plasma. Further, we report on the use of an N 2 plasma treatment to recover etch-induced damages on n-type GaN. This treatment improved the surface morphology, photoluminescence ͑PL͒, and ohmic contact characteristics of the GaN films, which had been etched by an inductively coupled plasma ͑ICP͒.
II. EXPERIMENT
A Si-doped (ϳ10 18 /cm 3 ) n-type GaN film, with 1.5 m thick, was grown on a c-plane sapphire substrate by metalorganic chemical vapor deposition. An ICP reactor, equipped with a 3 kW ICP power supply, was connected via a loadlock chamber to a conventional parallel-plate, plasma enhanced chemical vapor deposition ͑PECVD͒ reactor. The dc bias voltages in the plasma were provided by superimposing a rf bias ͑13.56 MHz͒ on the sample. All samples were mounted on an anodized Al carrier that was clamped to a cathode and backside cooled with He gas. The ICP etching was performed under a Cl 2 /CH 4 /H 2 /Ar ͑30/8/8/16 sccm͒ plasma at an ICP power of 1000 W at a variety of rf table powers. In order to remove the etch-induced damages on the n-type GaN, an N 2 plasma treatment was carried out in the PECVD chamber after etching in the ICP chamber. After the etched GaN films were transported to the PECVD chamber via a load lock to ensure that the samples were not exposed to air, the N 2 ͑500 sccm͒ plasma treatment was performed with an rf table power of 20 W at a temperature of 380°C and a pressure of 1 Torr for various treatment times. A PL measurement was made, to investigate the optical properties of the etched surface at room temperature using a He-Cd laser ͑325 nm͒ at 17 mW. The etched surface morphology was examined by atomic force microscopy ͑AFM͒ under a contact mode, and the electrical properties were examined by Hall effect measurement using In-Zn alloy contact in the van der Pauw configuration. Furthermore, specific contact resistance ( c ) was measured using a Ti ͑300 Å͒ as an ohmic metal by a transmission line method. Figure 1 shows the etch rate and the induced dc self-bias as a function of rf table power. With increasing the rf power, the induced dc self-bias corresponding to the etchant ion energy increased, which in turn enhanced the etch rate up to 3600 Å/min. It is well known that the rate-limiting step of the etching of nitrides is the initial bond breaking process because of their strong bond energy compared with other III-V semiconductors.
III. RESULTS AND DISCUSSION
10 Figure 1 clearly shows that the bond breaking efficiency increases in a linear fashion with increasing impinging ion energy, leading to an increased etch rate. Figure 2 shows ͑a͒ the root mean-square ͑rms͒ surface roughness measured by AFM and ͑b͒ the sheet resistance and sheet carrier concentration for the etched n-type GaN films as a function of rf power. The etched surface becomes rough as the rf power increases and this indicates that the other surface properties may be modified by the energetic ions. However, sheet resistance does not monotonically increase with increasing rf power, showing a minimum sheet resistance at a rf power of 150 W, while the sheet carrier concentration shows the reverse trend. Pearton et al. 10, 12 have proposed three conductivity mechanisms for an etched surface: ͑i͒ The presence of hydrogen as a part of the plasma chemistry, permits hydrogen passivation of the shallow donor to occur, ͑ii͒ an immediate increase in surface conductivity can result from the preferential loss of group-V elements during plasma etching, and ͑iii͒ if the system is undergoing energetic ion bombardments, then electrical compensation can occur by forming deep acceptor states. Although all three mechanisms may be operational in our ICP etch process, one of the mechanisms appears to become more dominant as the rf table power changes. For example, the minimum resistance at a rf power of 150 W in Fig. 2͑b͒ might be attributed to the preferential removal of N by energetic ion bombardment, because the nitrogen vacancy acts as a shallow donor.
13 Figure 3 shows the PL spectra of etched and as-grown samples at room temperature. The band-edge PL intensity decreased with increasing rf table power. At an rf power of 250 W, the band-edge PL intensity drastically decreased to only 4% of the PL intensity from the as-grown sample. Therefore, the integrated intensity ratio of the yellow luminescence ͑at 550 nm͒ to band-edge emission (I YL /I BE ) becomes much larger at a rf power of 250 W, as can be seen in the inset of Fig. 3 . Although the exact origin of the yellow luminescence remains controversial, it is believed to be associated with vacancy-related defects.
14, 15 The band-edge PL intensity at room temperature is known to be determined by electron concentration 16 and the mobility ͑or diffusion length͒ in Si-doped GaN. 17 Because the electrical compensation increases the sheet resistance and the intensity ratio of I YL /I BE , it is evident from Figs. 2 and 3 that ICP etching induces surface damages and defects which compensate the Si donor at a higher rf power.
The recovery of etch-induced damage is of great importance in the fabrication of GaN devices. Figure 4 shows the AFM images of ͑a͒ as-grown, ͑b͒-͑c͒ as-etched, and ͑d͒-͑f͒ N 2 -plasma treated samples. The as-grown film exhibits a featureless surface morphology as shown in Fig. 4͑a͒ . When the n-type GaN was etched with a Cl 2 /CH 4 /H 2 /Ar plasma, either the etch residue, the origin of which is thought to be CH x radicals 18 ͓Fig. 4͑b͔͒, or a pinhole ͓Fig. 4͑c͔͒ was formed. When the etched sample was treated with the N 2 plasma, however, the etch residues disappeared from the surface and the density of pinholes were decreased as shown in Fig. 4͑d͒ . Note that the disappearance of the etch residues may not be directly associated with the N 2 plasma. Ambacher et al. 19 reported that CH x began to desorb from the GaN surface above 304°C, leaving a smooth surface. The removal of residues and a decrease in pinhole density on the surface is of interest since it would be expected that the removal of defects on the surface enhances the electrical properties of the material, and thus improves the reliability as well as the quality of the device features which are fabricated on this surface, such as ohmic contacts. 20, 21 For a prolonged plasma treatment, however, the rms roughness was found to increase, probably due to the accumulated energetic ion bombardment in the N 2 plasma. 22 Figure 5 shows the band-edge PL intensity and its line width as a function of N 2 plasma treatment time. Compared with the as-etched sample, the plasma treated samples had improved PL characteristics when the plasma treatment time was increased up to 40 min. The recovery of the optical characteristics by means of N 2 plasma treatment is believed to be primarily due to the recovery of surface stoichiometry. That is, the N 2 plasma with a rf power of 20 W is thought to furnish nitrogen to the etched n-GaN surface which is nitrogen deficient. Although some nitrogen atoms can diffuse into GaN at a high temperature of ϳ1000°C, 23 the unstable excess Ga atoms on the surface, formed by preferential sputtering of nitrogen during ICP etching, are able to react with active nitrogen radicals in the N 2 plasma. That the N 2 plasma treated sample restored the N concentration to the value of the as-grown sample was confirmed by Auger electron spectroscopy depth profiling ͑not shown͒. For a plasma treatment time in excess of 40 min, however, the optical properties deteriorated as shown in Fig. 5 , which is consistent with the AFM results of Fig. 4 , indicating that an optimum plasma treatment time exists for the recovery of optical properties of an etched GaN sample.
We also investigated the effect of N 2 plasma treatment on the ohmic properties of GaN. The specific contact resis- tance ( c ) was measured on the sample using a transmission line method employing Ti metallization and the results are presented in Fig. 6 . The ICP etched samples show a lower c than that of the as-grown sample. It is well known that the c of a dry-etched surface decreases due to the nitrogen vacancy on the GaN surface 24 and the resulting n layer localized at the metal/GaN interface. 13 For a GaN etched at a 150 W rf table power, an increase in c was observed with subsequent N 2 plasma treatment on the etched surface, due to an excess nitrogen supply on the nitrogen-deficient GaN surface. These results show that the N 2 plasma treatment is an effective method for recovering the surface stoichiometry of etched nitride films. However, a GaN etched with a rf power of 200 W showed a further decrease in c after N 2 plasma treatment, indicating that an additional type of damage was produced under the energetic ion bombarding conditions. 25 These additional damages can be removed by an N 2 plasma treatment, which led to improved ohmic properties. This result, together with the PL, clearly shows that the N 2 plasma treatment is an effective method for recovering the etch damage and the surface stoichiometry of an ICP-etched GaN.
IV. CONCLUSION
The effects of ion bombardment in an inductively coupled plasma on the optical and electrical properties of a n-type GaN surface have been investigated. As the plasma dc bias increased, the sheet resistance and the PL intensity ratio of I YL /I BE increased, indicating that the the optical and electrical properties had degraded due to etch damages on the GaN surface. The N 2 plasma treatment on the etched GaN surface enhanced the PL characteristics and decreased the specific contact resistance of heavily damaged surfaces by restoring the surface stoichiometry. This N 2 plasma treatment effectively recovers the etch-induced damage on GaN surfaces.
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